The aim of the present study is to estimate the adaptability and stability of K and Ca contents, and grain yield in cowpea lines for release as new cultivars. Forty-four inbred lines and cultivars were assessed in seven sites of the Brazilian semi-arid region. Significant statistical differences were observed in the treatment, environments and environment treatment interaction mean squares for all variables. The methods by Eberhart and Russell (1966), Lin and Binns (1988), and the additive main effects and multiplicative interaction (AMMI) showed similar results in the selection of superior materials. The C4I and C3O lines showed grain yield equal to or greater than the overall mean of 1050 kg ha -1 in the experiments, with mean of K and Ca higher than the values of the assessed cultivars, as well as wide stability and good predictability in the assessed environment series. The lines showed great potential to be released as new cultivars in the Brazilian semiarid region.
INTRODUCTION
In Brazil, cowpea cultivation has become a major social and economic alternative for rural populations in the North and Northeast regions, and its cultivation has expanded to other regions in the country (Oliveira et al., 2010) . Besides that, the nutritional and functional benefits of cowpea have gained industrial importance for use as a potential ingredient for food formulations (Hamid et al., 2014) . Currently, introduction of biofortified agricultural products containing high protein and mineral levels is considered an important component in breeding programs focused on eliminating human malnutrition (Santos and Boiteux, 2013) .
The nutritional deficiency in food has affected many poor families, particularly in developing countries (Bouis and Welch, 2010) . According to FAO (2014) , it is estimated that approximately 805 million people were chronically undernourished and that they did not have access to daily protein and carbohydrate intake recommended by the World Health Organization (WHO). According to Nutti et al. (2009) , biofortification is a strategy used in agriculture to improve the health of the poor populations and it is an additional tool to combat nutrient deficiency. Cowpea presents great variability in the chemical composition of the grains and it enables the selection of *Corresponding author. E-mail: danilloolegario@hotmail.com.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License genotypes with high nutritional contents. Singh (2007) evaluated fifty cowpea lines and noted that the potassium content ranged from 12.7 to 16.2 g kg -1 and calcium content from 0.54 to 1.33 g kg -1 . Santos and Boiteux (2013) studying eighty-seven cowpea lines found K content from 21 to 27 g kg -1 and Ca content from 0.41 to 6.26 g kg -1
. These minerals are of great importance for human health. Ca is essential for muscle contraction, nervous system function, blood vessel expansion and contraction, and secretion of hormones and enzymes (McDowell, 1992) . Potassium is the third most abundant mineral in the human body and is essential to human life (COMA, 1991) .
In the selection phase of cowpea lines, the same line may have different behavior according to the year and place of cultivation. According to Cruz et al. (2012) , this difference is often influenced by various environmental conditions treated as genotype×environment interaction (G×E). An alternative to minimize the influence of this interaction is to evaluate genotypes in many environments and apply methods to classify and select them according to their adaptability and stability.
The methods of adaptability and stability analysis are very helpful to identify stable and predictably genotypes in the presence of G×E (Silva and Duarte, 2006) . Several adaptability and stability methods used to estimate the contribution of each genotype to the interaction stand out in the literature. Methods based on linear regression (Eberhart and Russell, 1966) , non-parametric analysis (Lin and Binns, 1988) and the multiplicative based on principal components of additive main effects and multiplicative interaction (AMMI) have been the most used in the selection of cowpea genotypes with high productivity (Barros et al., 2013; Mano, 2009; Nunes et al., 2014) . Differently from studies on grain yield, adaptability and stability studies related to the mineral content in cowpea are still scarce in the literature.
The aim of the current study was to estimate the adaptability and stability parameters of grain yield and mineral production in cowpea seeds, in two experiments assessed in seven irrigated or rainfed environments, in order to enable the recommendation and registration of new cultivars for São Francisco Valley region.
MATERIALS AND METHODS

Plant material
Cowpea lines selected due to their high mineral content and grain yield were assessed. The lines resulted from the crossing between three introduced accessions of the International Institute for Tropical Agriculture (IITA) and three cultivars adapted to the Brazilian semiarid region, according to the procedures described by Santos and Boiteux (2013) . The selected lines composed of two experiments, according to the plant size type: I) semi-climbing habit and indeterminate growth (SCH), with 23 treatments -20 lines  (C2R, C3S, C3M, C3Q, C3B, C6P, C1M, C3F, C3L, C2C, C1T,  C3R, C4G, C6A, C2T, C3P, C6D, C1V, C4I and T16_2R) -18 lines (C1N, C1R, C3O, C2I, C1G, C1S, C2J,  C1J, C1F, C2O, C2S, C2B, C2A, C2Q, C1O, C1I, C2M and Marrom) and three control cultivars (BRS Carijó, BRS Tapaihum and Canapu landrace). The experiments were conducted in the Brazilian States of Bahia, Ceará, Pernambuco and Piauí. The study adopted a randomized block experimental design with three replications in three irrigated environments, in the second half of the year, and four rainfed environments, in the first half of the year. Each plot had 3.0×2.0 m dimension. The experimental plot of the SCH experiment was formed by two rows, with 1.0 m space between rows and 0.1 m between plants, and it resulted in the population density of 100,000 plants per hectare. On the other hand, the experimental plot of the UDG experiment was formed by four rows, with 0.5 m space between rows and 0.1 m between plants, and it led to the population density of 200,000 plants per hectare.
Mineral quantification
Approximately 10 g of seeds from 924 plants were ground in a MA 630/1 mill (Marconi, Brazil) in order to obtain fine flour from each sample. The samples were analyzed in duplicate, according to the standard procedures of the Association of Official Analytical Chemists (AOAC, 1995) . Five milliliters of nitric acid and 1 ml perchloric acid were added to each 500 mg of cowpea sample for acid digestion, which was carried out in a block digester. One milliliter of extract was transferred to a 50 ml beaker, identified by the sample protocol number, and 49 ml lanthanum oxide was added. The quantification samples were subjected to reading in flame atomic absorption spectrophotometer (Varian). The results were expressed in g kg -1 for potassium and calcium of grain dry matter. All the analyses were carried out in the soil laboratory of Semi-Arid Embrapa.
Statistical analyses
The statistical analyses of the experimental designs were performed in the SAS software (SAS, 1989) , according to the GLM procedure (SAS, 1989) . The grain yield was corrected in the SAS (1989) software, through covariance method, using the average plant stand of the plots in each experiment, as it was described by Vencovsky and Barriga (1992) . Scott and Knott's (1974) clustering was applied at 5% of significance. The adaptability and stability of genotypes were assessed through the methods developed by Eberhart and Russell (1966) and Lin and Binns (1988) in the Genes software (Cruz, 2006) , as well as by the multiplicative method based on principal components (AMMI), using the SAS software (1989) as described by Duarte and Vencovsky (1999) .
According to the method by Eberhart and Russell (1966) , the regression coefficient is associated with the linear component, and it indicates genotype adaptability: genotypes with index βi = 1 has wide adaptability; deviations from the regression equal to zero (σ 2 di = 0) indicate good stability. According to the method by Lin and Binns (1988) , the Pi parameter defines the genotype stability as the mean square of the distance between the mean of a genotype and the maximum mean response of all locations. Genotypes with lower Pi values correspond to those with better performance. The AMMI methodology stands out because it best describes the G×E interaction through the disposal of additional noises found in traditional interaction estimates. It uses together the variance analysis of the main effects of genotypes and environments and the principal component analysis (PCA) of the interaction. It also identifies the most stable and adaptable genotypes and performs the agronomic zoning of the environments (Duarte and Vencovsky, 1999) . Values followed by the same letter in the column belong to the same group, according to the Scott and Knott test (1974) at 5% probability; **, * Significant at 1 and 5%, respectively, according to the F test.
RESULTS AND DISCUSSION
Cowpea lines of semi-climbing habit (SCH)
Statistically significant differences were observed in the mean squares of the treatments, for the grain yield and the potassium and calcium contents in most environments, except for the potassium and calcium contents in the Bebedouro environment, and for calcium content in the Acauã environment. The experiments in Acauã, Dormentes, Limoeiro and Petrolândia were conducted on farming properties. Such fact did not compromise the assessments as the variation coefficients were below 43% (Table 1) and allowed making the assessments in environments that represent the cowpea cultivation. The Limoeiro environment showed the highest mean grain yield (Table 1) , indicating the yield potential of the assessed lines. As it was observed in Limoeiro, some of them may exceed 3,000 kg ha -1 grain yield under high technology conditions. As for the minerals, the Petrolândia environment showed the highest mean potassium and calcium content.
The relations between the largest and smallest mean squared residuals observed in experiment were below or close to seven for all variables, and it indicated homogeneity in the residual variances, which is a required condition for the joint analysis of experiment (Cruz and Regazzi, 1997) . The grain yield means in the three irrigated environments was 84% higher than the means found in the four rainfed environments (Table 1) . This result corroborated those reported by Santos et al. (2008) . However, the means of the assessed minerals showed similar values, regardless of the adopted handling, whether with or without irrigation.
The BRS Acauã cultivar showed the highest grain yield (Table 2 ). This cultivar was previously assessed in the same locations the lines of the current research were done (except for Limoeiro) and was selected exclusively for grain yield and earliness (Santos et al., 2008) . The C3R and C3B lines presented grain yield close to that of the BRS Acauã control cultivar, as well as wide adaptability and good stability parameters through both the Eberhart and Russell (1966) and the Lin and Binns (1988) methods (Table 2) .
The C2C, C3P, C6D, C1V, C4I e T16_2R lines showed the highest mean K contents. The Eberhart and Russell (1966) method highlighted the C6D and C1V lines with wide adaptability and stability. The Lin and Binns (1988) method highlighted the C41, C6D and C1V lines with the lowest Pi values. C1T, C6A, C2T and C4I lines showed the highest mean Ca contents and all showed unpredictable stability and only C1T presented broad adaptability by the Eberhart and Russell (1966) method. The Lin and Binns (1988) method were very different from Eberhart and Russell (1966) results, highlighting C4I Table 2 . Yield, potassium and calcium stability and adaptability in 20 lines and three cowpea control cultivars -semi-climbing habit (SCH) -assessed in seven irrigated and rainfed environments using the methods by Eberhart and Russell (1966) and Lin and Binns (1988 Values followed by the same letter in the column belong to the same group, according to the Scott and Knott test (1974) at 5% probability; **, * significant at 1 and 5%, respectively, according to the F-test.
line with the lowest Pi values, with better performance for calcium content (Table 2 ). The genotype×environment interaction was decomposed in six principal components of the interaction (PCI) using the multivariate AMMI method. However, only the first axis (PCI1) showed significant residuals in the F r test (p<0.01). Thus, the graphic interpretation of adaptability and stability was performed through the PCI1 alone, via AMMI1 biplot. Similar results were found by Barros et al. (2013) who assessed cowpea yield.
The first principal component of the interaction explained 49.78, 36.12 and 45.50% of grain yield and of K and Ca contents respectively in the SCH experiment (Table 4) . BRS Acauã was the most stable environment and Limoeiro was the most productive for grain, although with high instability. The C3M and C3R were the most stable genotypes for grain yield (Figure 1) . Petrolândia showed the lowest mean K content and was the most stable environment. The C3B, C4I and C3R genotype showed high stability and mean K content higher than that of the assessed cultivars. The Acauã environment was the most favorable to Ca content and the C4I, C2T and C6A, which showed the highest means, were also the most stable genotypes (Figure 1 ).
Cowpea lines of upright with determined growth (UDG)
Statistical significant differences were observed in the mean squares of the treatments for the grain yield, and the potassium and calcium contents. Three environments for each variable showed no statistical differences in mean squares of the treatments (Table 1) . The experiments in Acauã, Dormentes, Limoeiro and Petrolândia were conducted in farming properties. Such fact did not compromise the assessments as the variation coefficients were below 39% (Table 1) , which allowed making the assessments in environments that represented the species cultivation. The Limoeiro environment showed the highest mean grain yield (Table1). 
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Calcium Contents (g kg -1 ) Table 3 . Yield, potassium and calcium stability and adaptability in 17 lines and four cowpea cultivars -upright cowpea plants with determined growth (UDG) -assessed in seven irrigated and rainfed environments using the methods by Eberhart and Russell (1966) and Lin and Binns (1988 Values followed by the same letter in the column belong to the same group, according to the Scott and Knott test (1974) at 5% probability; **, * Significant at 1 and 5, respectively, according to the F-test.
As in the previous experiment, relations between larger and smaller squares of the residues observed were below or close to seven in all variables. The grain yield means in the three irrigated environments was 45% higher than the means found in the four rainfed environments (Table 1) . This result corroborated those reported by Santos et al. (2008) . However, the means of the assessed minerals showed similar values, regardless of the adopted handling, whether with or without irrigation.
The BRS Carijo and BRS Tapaihum cultivars showed the highest grain yields (Table 3 ). This cultivars were previously assessed in the same locations the lines of the current research were (except for Limoeiro) and were selected exclusively for grain yield and earliness (Santos et al., 2008) . The C2O line presented grain yield close to that of the BRS Carijo e BRS Tapaihum control cultivar, as well as wide adaptability and good stability parameters, through both the Eberhart and Russell (1966) and the Lin and Binns (1988) methods (Table 3) .
The C3O showed the highest K content, with wide adaptability by Eberhart and Russell method (1966) . Lin and Binns (1988) highlighted the C3O line with the lowest Pi value for K (Table 3) . For the Ca content, the C20 showed average greater than experiment mean and wide adaptability and good stability by Eberhart and Russell (1966) . By the Lin and Binns (1988) method C3 and C2I presented the lowest Pi values for Ca content (Table 3) .
The genotype×environment interaction was decomposed in six principal components of the interaction (PCI) using the multivariate AMMI method. However, only the first axis (PCI1) showed significant residuals in the F r test (p <0.01). Thus, the graphic interpretation of adaptability and stability was performed through the PCI1 alone, via AMMI1 biplot.
The first principal component of the interaction explained 54.46% grain yield, as well as 39.80% K and 46.96% Ca contents (Table 4) . Petrolândia was the most stable environment and showed the lowest mean yield. The C2O stood out among the lines in the AMMI method due to high stability and mean yield close to that of the cultivars. The C3O line showed high K content stability. Bebedouro and Petrolândia were the most favorable environments. The C2I, C2A and C3O lines showed the highest mean Ca contents and good stability (Figure 2) .
The methods by Eberhart and Russell (1966) , Lin and Binns (1988) , and the AMMI method showed similar results in the selection of superior materials, except for Ca content. Polizel et al. (2012) used seven methods to test 16 soybean genotypes in different environments. They found that the studied methods showed consistent and complementary results. Nunes et al. (2014) , using parametric and non-parametric methods in 20 genotypes of cowpea found that some methods should not be used simultaneously, and those others should be complementary.
Cowpea is broadly grown in semi-arid regions due to its tolerance to water stress and substantial grain yield in comparison to other legumes such as common beans, lentils and chickpeas. Accordingly, the selection of superior cultivars through the combination of high yield and seed mineral content, and good adaptability and stability under different environmental conditions will have a huge positive impact on cowpea production-market chains, mainly in semi-arid regions.
Selection approaches have been being applied in many crop plants aiming to biofortify food crops with essential mineral elements most commonly lacking in human diets (White and Broadly, 2009 ). However, current efforts to select and release cowpea cultivars with high mineral content associated with good agronomic performance based on adaptability and stability parameters are still very restricted, even for important commodities, such as soybean. To our knowledge, the present study is the first one conducted to estimate adaptability and stability parameters for K and Ca contents in cowpea lines.
The C4I and C3O lines showed grain yields equal to or greater than the means of the experiments, high potassium and calcium means, wide stability and good predictability in the series of assessed environments, by the Eberhart and Russell (1966) , Lin and Binns (1988) and the AMMI methods. The BRS Acauã, BRS Tapaihum and BRS Carijó, with the highest grain yield, should be used for crossing with C4I, C3O, C2I and C2T for selection of lines with higher grain yield, potassium and calcium contents, simultaneously.
Conclusion
The C4I lines cowpea, with semi-climbing habit, and C3O lines cowpea, with upright and determinate growth, identified in representative environments in the Brazilian semiarid region, both irrigated and rainfed conditions, have great potential to be recommended as new cultivars for the region, as grain yields were close to commercial cultivars, as well as potassium and calcium contents were greater than the average of the cowpea cultivar experiments.
Potassium Contents (g kg -1 ) 
PCI1
Calcium Contents (g kg -1 )
scholarship. Carlos A.F. Santos is a CNPq productivity researcher.
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